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This report explains about the design of an explosion vessel in Universiti Teknologi
PETRONAS (UTP). Recently, there are many researches and studies about combustion
that have been established in the university. In this learning process, an explosion vessel
would be a proper medium to study about the flame characteristics and the things that
related to the combustion. Hence, a design of an explosion vessel will bring many
benefits in UTP. The objective of this project is to design an explosion vessel that will
be able to withstand the certain conditions such as maximum working temperature and
pressure. The design of the prototype must be durable, reliable and in compliance with
the safety regulations and standards to ensure the safe working conditions. The scope of
study of this project includes on the design of an explosion vessel starting from the
design, material selections, codes of standard and factor of safety. There are several
steps in the methodology to design the vessel where the maximum working temperature
and pressure are identified in order to calculate the vessel stresses. Suitable materials to
build this prototype will be determined based on the vessel stress. The auxiliary items
that will be used with the explosion vessel also been studied in order to provide the
suitable and safe equipment in the experimental setup of the explosion vessel. As the
project completes, technical drawings of the explosion vessel are produced. The
specifications of the auxiliary items are also identified in order to ensure that the system
working according to experiment requirements. In evaluating whether it is necessary to
do impact testing, it is found that the test is not required based on the Minimum Metal
Design Temperature (MDMT) procedure.
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Notation below applies for thereinforcement analysis according toASME VIII.
A m2 Area
C.A mm Corrosion Allowance
E Joint coefficient
f Correction factor which compensate for the variation in vessel
stress on differentplane of vessel wall
K Temperature
KPa N/m2 Pressure
P N/m2 Pressure of design requirement
R Mm Radius
S N/m2 Tensile strength
Sn N/m2 Allowable stress in nozzle
sp N/m2 Allowable stress in the reinforcing plate
sv N/m2 Allowable stress in reinforcing plate
mm Thickness
mm Nominal thickness of the vessel wall
le mm Thickness or height of reinforcement
In mm Nominal thickness ofnozzle wall
*r
mm Required thickness based on calculation
Others
E mJ, J Ignition energy
<!> Equivalence ratio
m kg Mass
n moles Number of moles
r mm Radius




1.1 Background of Study
Combustion studies have been developed worldwide for more than a century.
Researchers continuously seek ways to improve optimization of combustion
performance and to increase fuel efficiency. In this learning process, methods to
examine the explosions are through experiments and observation in closed vessel and to
mathematically correlate the flame travel velocity, pressure and time with parameters
definingthe reaction, either using natural gas or hydrocarbon fuel like iso-octane.
An explosion vessel is an experiment facility with which the combustion studies are
conducted. It would be a proper mediumto investigate the burningproperties of various
fuels at wide range of conditions, such as pressure, temperature and turbulence of
mixture burning. Such a facility would help to understand the fundamental of flame
propagations, flame speed, burning rate of fuels and physical properties involved.
Clearly, the design of the explosion vessel would be a milestone to a wide range of
combustion researches related to increasing the combustion performance and fuel
efficiency.
In this Final Year Project, a study to design of the explosion vessel is done in order to
provide a safe and reliable vessel. The vessel is a spherical vessel which has two
observing windows, flanges and saddle supports.
1.2 Problem Statement
To understand the combustion studies and extend the learning process related to the
characteristics of flame propagations, ignition, flame speed and burning velocity, a
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design of a constant volume explosion vessel with an optical glass to study the
characteristics of flame propagation is required. The explosion vessel must be reliable
and safe in the operating condition to avoid any superfluous accident from happening
while conducting the experiment.
1.3 Objective
The objective of the project is to design a constant volume explosion vessel for
fundamental study of flames and combustion. The vessel must be durable, reliable, and
in compliance with the standard safety requirement and regulations in order to ensure
safe operating condition.
1.4 Significant of Study
This project is significant since there is no proper device or experiment facility for
combustion purpose has been developed in University Teknologi Petronas yet. This
design will bea milestone for the development ofa prototype ofan explosion vessel.
1.4 Scope of Study
This project will cover the process on how to design an explosion vessel starting from
the design requirement, material selection, codes of standards, factor of safety and
suggestion for fabrication. The main points of scope of study consist of the following:
i) Combustion Theory- To start of the project, first things that to be fully
understood is the basic theory of the combustion theory. This will help to
determine the process that occurs during the explosion and the consequences
that might occur correspond to the explosion. In order to simplify the
learning process of combustion theory, GasEQ software is used.
ii) Stress analysis - Stress analysis is the determination of the relationship
between internal to vessel and the corresponding stresses occurs within the
explosion vessel
iii) Material Design - Proper material need to be selected in order to ensure that
the explosion vessel will operate in a safe condition. These processes consist
of several subsections, including the selection of suitable material that
complies with safety regulations, corrosion allowance and the reliability of
the material.
iv) Codes of standards - To build up a vessel, there are certain standards that
we need to take account in order that the vessel is really reliable and operate
in safe condition. There are various standards that we can comply with due to
type and usage of the vessel. These codes are intended to provide reasonable
protection of life and property and also provide for margin deterioration in
service.
v) Technical drawings - Toproduce the prototype of explosion vessel, proper
technical drawings are needed. The drawings consist of the main parts of the
explosion vessel, and also the attached auxiliary items. The technical
drawings are produced at the end of this project as the design of the
explosion vessel.
vi) Factor of safety- The safety factors are generally applied to the pressure
vessel materials so that significance assurances exist and the components can
safely perform in operating environment.
vii) Auxiliary Items - In order for the explosion vessel to operate, the
experimental setup need more than the vessel. These items need to be
clarified the functions in order to select the most suitable and incompliance
with the safety standards. Among the supporting auxiliary items are like
thermocouples for measurements of temperature, pressure transducer for
measurements of pressure, heaters to pre heat the explosion vessel to the
required operating temperature and fans to provide the homogeneous




The purpose of the design ofexplosion vessel is to investigate the burning properties at
various fuels at wide range ofcondition, such as pressure, temperature and turbulence of
mixture burning. Since the design requirement is based on the iso-octane fuel, the
combustion process of this type is fuel need to bewell understood. The arrangement of




Figure 2.1: The Composition of Carbon andHydrogen in Iso-Octane.
The complete reaction of a general hydrocarbon CaHb with air is:
CaHp +a(02 +3J6N2) -> bC02 +cH20 +dN2 (2.1)
where:
C balance: a = b
H balance: b = 2c
O balance: 2a~2b+-c
a = a + b/4
N balance: 2(3.76) a = 2d
d=3.76(a + b/4)
The stoichiometry proportions of fuel and air is givenas:
Cff^+fa+|l(02+3.76JV2)^aC02+|if20+3.76^+|
Hence, for iso-octane, Equations(2.2) results in:
CtHw +(12.5X02 +3J6N2) -> 8C02 +9H20 +47N2
The stoichiometric mass based air/fuel ratio (A/F) for CaHb fuel is:
N,








where mair is mass of air, mjuei is mass of fuel, (£ niMi \jr is the total of molar mass of
air ,(Yn.M.) is the total ofmolar mass offuel, AL is molar mass of02, MN is the
\L~t ' ' 'fuel 1
molar mass ofnitrogen, Mc is the molar mass ofcarbon and MH is the molar mass of
hydrogen.
Substituting the respective molecular weights and dividing top and bottom with a one
gets the following expression that only depends on the ratio ofthe number ofhydrogen




The result yield for the iso-octane (C8Hi8), b/a = 2.25 where (A/F)s =15.1
For a non-stoichiometric mixture, the reactants on the left side of the Equations (2.1) can
be expressed as:
4CtHlt+59.5Air (2.6)
where 0 is the equivalence ratio.
Changing it to one mole ofmixture,
<j> _ __ 59.5 .. „, _.1mole reactants = cn; C8ff18 + Air (2.7)
59.5 + 0 59.5 + 0
FromEquations (2.7), the mole fractions of air and fuel are
«„ 59.5





where na, nf and nare the numbers ofmoles ofair, fuel and total mixture. The ratio of




Where Pf and Pa are the fuel and the total mixture. Following the Equations (2.8) and




2.2 Minimum Ignition Energy and Flammability Limits
According to Turn (2000), a flame is spark-ignited in a flammable mixture only if the
spark energy is larger than some critical value known as the minimum ignition energy
Eign It is found experimentally that the ignition energy, Eign is inversely proportional to
the square of the mixture pressure, P.
Elgncc\/P2 (2.12)
A flame will only propagate in a fuel-air mixture within a composition range known as
the flammability limits. The fuel-lean limit is known as the lower flammability limit and
the fuel-rich limit is known as the upper flammability limit. According to Sulaiman
(2007), the flammability limit is affected by both the mixture initial pressure and
temperature.
2.3 GasEQ
GasEQ was developed as a freeware research tool (Morley, 2006). This software is used
to perform combustion equilibrium calculations where it is intended primarily for gas
phase calculations. Using GasEQ, a number of different types of calculations can be
performed. These include determining compositions at a given temperature and
pressure, calculating equilibrium constants such as stoichiometry coefficients and even
performing shock calculations like post shock temperature, pressure,and composition.
However, this GasEQ has several limitations which affect the accuracy of the outputs
generated under certain circumstances. For an example, GasEQ identifies species from
their names, which are assumed to be unique. If the user is attempting to work with
several species with the same name, GasEQ will always select the first in the list. This
behavior can lead to erroneous results that may go unnoted. The program also does not
do a very goodjob of handingreactions where liquidwater is involved(Morley, 2006).
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By specifying the initial conditions and the desired output of a fuel-air mixture of a
reaction, GasEQ will estimate the resulting products. Typical outputs include
temperatures, compositions, reverse reaction rates, equilibrium reactions, and ideal gas
law solutions based on thermodynamic data.
According to Morley (2006), GasEQ uses the basic equation of shock and detonation of
a two dimensional secant method:
Px-P1'rplu\-p1u\ =0 (2-13)
h1-h2+0.5(uf-u2) =0 (2.14)
where h's are enthalpies, p's are densities and w's are gas velocities relative to the shock.
Subscripts 1and 2 are before and after the shock respectively. The u's are gas velocities
relative to the shock and obtained in differentways for incident, reflectedand detonation
calculations.
For incident shocks the shock speed relative to the stationary gas ahead of the shock is
uh and the continuity rule gives
u2=ulpl/p2 (2.15)
For reflected shocks, an incident shock calculation is done first and the gas velocity in
lab coordinates after the incident shock, vs used
u2 = PlVs (2.16)
Pi "A
where u2 is the sound speed in the burnt gas, and u, iscalculated from Equation ( 2.16).
w, =u2 +v5 (2.17)
For incident shocks with frozen chemistry, the initial estimates are:
T2 P22M?+yx+\
where yl is the specific heat and Mh, in these formulae, is the Mach number. For non-
frozen chemistry a combustion calculation is carried out toestimated P2 and T2 and
h2 =Al+0.5w12 (2.19)
For reflected shocks, the initial estimates are:
T2 =27; (2-2°)
2.4 Design Concept of Vessel Shape
For the design of the explosion vessel, some references were made from Fryer and
Harvey (2000), in which selection of sphere design for the pressure vessel has been
found to be ideal based on 3 reasons:
1. Stress-wise, where it givesthe lowestpossiblevalue of stress.
2. Storage-wise, where it contains the largest volume with minimum surface area.
3. Cost-wise, where it has minimum thickness and surface area, hence lowest
material weight and cost.
But there are also disadvantages in building spherical vessel, in which the
manufacturing processes are more difficult and more costly than other vessels.
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2.5 Safety Standards
In the design process of this explosion vessel, there are several codes have that been
usedto ensure that the vessel is reliable and safe in the operating condition. Some of the
codes are given in American Society Mechanical Engineers (ASME) Section VIII
Division 1. This division outlines the basic codes for designing vessel, where ASME
stated its objective as to afford reasonably certain protection of life and property and to
provide amargin for deterioration in service do as to give long, safe period ofusefulness
(ASME Boiler and Pressure Vessel Committee, 2004). Throughout this project, the
references for codes are made mainly on ASME VIII Division I. The thickness analysis
for vessel under internal pressure is discussed in detail under Subsection A, under UG-
27 in Section VIII- Rules for Construction of Pressure Vessels Division 1, 2004 edition.
2.6 Design Factor for Safety
According to Fryer (1998), the factor of safety are the trade off means of establishing
equal reliability and safety by assigning to a single parameter varying degrees ofquality
assurance (design analysis, material testing, fabrication control and in-service control).
The ASME has several codes based on different section, according to theory of failure
and material property. The design factor is tabulated and shown inAppendix 1.
2.7 Thickness of the Spherical Vessel
The specification for the spherical vessel is outlined in UG-27 in ASME VIII Division
1. With the assumption the design is uniform thickness in the hemispherical condition;
the thickness and the maximum allowable working pressure are calculated as the
equations tabulated in Table 2.1.
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Table 2.1: Theequations of ASME Guidelines to determine thewall thickness.





PR Equation is used
when t is less than









From the thicknesscalculationdone, the value obtained is quite small. The value is then
added with the Corrosion Allowance (CA). According to the ASME Section VIII
Division 1, the normal corrosion allowance thatis usually applied onpressure vessels is
0.125 inch or 3 mm.
2.9 Welding Considerations
In order to assemble the vessel components, appropriate welding is needed. Thus,
incompliance to Simple Pressure Vessel (Safety) Regulations 1991, Part 3, the
preparation ofthe components parts for example forming and chamfering, must not give
rise to the surface defects, cracks or changes in the mechanical properties of those parts
likely to be detrimental to the safety of the vessel. According to Guide of Specification
for Welding Electrodes and Rods, under Section A6.1, Welding Consideration for
Electrodes, the casting skin should be removed from the weld area by machining,
grinding, chipping or other suitable means. When repairing casting defects, care should
be exercised to ensure removal of any defective metal to sound base metal before
welding. Also, all oil, grease, dirt or other foreign material should be eliminated by the
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use of suitable solvents. If oil, grease or solvents have impregnated the casting, heat
should be applied to the area to be welded until the volatilization isno longer observed.
A temperature of 400°C generally is sufficient for this operation. If the casting is too





3.1 Design of Bodyof Explosion Vessel
According to Cameron and Bowen (2000) a spherical geometry of explosion vessel in
fully confined-vessel is more desired as compared to that of the cylindrical geometry.
However, most of the experiments were conducted in the cylindrical geometry due to
the relative simplicity of the mechanical expansion process. The experiments conducted
by Cathey (2008) used acylindrical chamber made out of stainless steel with the internal
diameter of 10.16 cm and length of 20.32 cm. The chamber has two optical accesses
where the laser entrance is 10.16 cm in diameter and 2.54 cm thick offused silica, while
the laser entranceand exit windowsare 2.54 cm diameter.
In the experiments conducted by Rahim et al (2000) both spherical and cylindrical
chambers were used as explosion vessels. The spherical chamber consisted of two
hemispheric heads made from SAE 4140 alloy steel that were bolted together to make a
15.24 cm inner diameter sphere. The cylindrical chamber was designed to be as nearly
identical as possible to spherical chamber, with aspect ratio of one. The inner diameter
of the cylindrical chamber was 13.33 cm.
The explosion vessel used by Weip (2008) was a massive stainless steel cuboid to
withstand the high pressure and temperature with a volume of 2.28 liters, while the
optical access into the vessel was achieved by 4 optical windows of 100 mm diameter.
The maximum diameter ofsphere that would fit into the explosion vessel was 118 mm.
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3.2 Material of Bodyof Explosion Vessel
Most of the explosion vessels for researches were made of stainless steel; among others
in the work of Cameron and Bowen (2000), Cathey (2008) and Wei|3 (2008). The
selection of stainless steel was mainly due to the ability of the material to withstand the
heat and corrosion. Based on information gathered (Atlas Steel Products Co., 2004)
Grade 316H has higher strength at elevated temperatures and is sometimes used for
structural and pressure-containing applications at temperatures above 500°C. This
material also has excellent weldability characteristics by all standard fusion methods,
both with and without filler metals. The material is also rated as highly machineable.
Budinski (2005) stated that in job shop types of machining operations, stainless steel has
absolutely no problem in machining if handled properly. Slow speeds, sharp tools and
positive feeds are the key to machine the material successfully. Based on the work of
Cameron and Bowen (2000), the explosion vessel that they have been using was
manufactured from 316 stainless steel drilled hollow bar, where the result was a
cylindrical explosion vessel.
3.3 Design of Optical Accesses
The optical accesses are required in the explosion vessel to monitor the process during
the explosion occurs and enable to capture the images of the flame propagations.
Common material for the design of optical accesses is fused silica due to the excellent
mechanical properties such as high of tensile strength and good surface quality. Optical
access that does not significantly degrade the transmission of light are required to
monitor the process during the explosion occurs and capture the image of the flames.
For an example, according to (Cameron and Bowen, 2000) the Phase Doppler
Anemometry (PDA) method requires two windows, one for laser beam and another was
for the receiving optics. The receiving optics collected scattered light at an angle of
between 65-72 degrees from the transmission probe axis. Therefore, the location of the
windows is very important if PDA is used as the diagnostic tool. Same situation goes
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with PIV (Particle Image Velocimetry) and LIF (Laser Induced Fluorescence) systems.
PIV relies upon aCCD (Charge Couple Device) digital camera being placed orthogonal
to analyse droplets illuminated by the light sheet. Laser Induced Fluorescence also
utilizes similar equipment configuration requiring laser sheet access as well as
orthogonal camera access. Two windows are again necessary here as an access for the
light sheet and CCD camera (Cameron and Bowen, 2000).
The mechanical properties of fused quartz are quite better as compared to other glasses.
The material is extremely strong in compression, with adesign compressive strength of
1.09xl09Pa. The design tensile strength for fused quartz with good surface quality is in
excess of 48 MPa, although in practice this value is greatly reduced for safety
considerations. Using the factor of safety of seven, (Smax =7.0 MPa )and amaximum
pressure of 1.0 MPa, the thickness, t, of the 120 mm diameter circular end window and
40mmx 60mm rectangular side windows were determined:
t =
f P S '^2
rMAXr
2.285MAX J (3.1)
where Pis the maximum pressure ofthe spherical chamber, r is the radius ofthe
optical access and S^ is the factor of safety.
The results are found to be 15 mm and 7.5 mm respectively. For further contingency,
these dimensions were increased to 25 mm and 12 mm respectively.
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3. 4 Impact Testing
According to Moss (2004) since impact testing is a major expense to the manufacturer
ofa pressure vessel, the designer should do everything to avoid it. Impact testing can
always be avoided but may not be the most economical alternative. Following these
steps will help eliminate the need for impact testing and, at the same time, will provide
the lowest MDMT (Minimum Design Metal Temperature). This MDMT procedure is
used to determine the lowest permissible temperature for which Charpy impact testing is
or is not required. Following these steps will help eliminate the need for impact testing
and, at the same time, will provide the lowest MDMT:
1.Upgrade the material to a highergroup.
2. Increase the thickness ofthecomponent to reduce the stress in the part.
3. Decrease the pressure atMDMT. This isa process change and may or may not
be possible.
3.5 Design of Flanges
For the present explosion vessel, bolted connections shall be used because it will permit
easy disassembly ofcomponents, such as to clean up the fused silica ifthe dust covered
the observation windows. According to Stainless steel ANSI Pipe Flanges Guide by
Alco Datasheet, the bolted connection may vary ofdifferent type of flanges according to
the applications. Various types of flanges are used based on the jointing method. The
flanges and type of gaskets and material built are determined correspond to the service
condition, pressure, temperature, thermal shock and cyclic operation (Farr and Jawad,
2001).
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In the design of the vessel, bolted connections are used to easy the disassemble of the
components of the vessel. There are 3 types of bolted connections:
1. Blind flanged: Standard plate flange with a raised face but no inside diameter.
2. Loose type flange : For this type of flanges, hub and flanges are one continuous
structure eitherby manufacturer or by full penetration welding like welding neck
flanges and long weld neck flanges
3. Integral type flange: Neither flanges nor pipe has any attachment or is non-
integral. The hub, if it is used, is acting independent of the pipe.
To set the bolted connections of the vessel, the gasket requirement, bolt sizing and bolt
loading are determined first. The gasket facing and selection of type depends on the
servicecondition, fluid or gas handled, pressure, temperature, thermal shock and fatigue
or cyclic stress (Farr and Jawad, 2001).
Special flange that are required to be designed should be the last choice. In general, the
special flanges thatas designed are done for large or high pressure utility. According to
ASME SectionVIII Division 1, the designs of flanges are governed by two conditions:
1. Gasket seating force
2. Hydrostatic end force
3.6 Design of Bolts
According to Moss (2003) in general, bolt should always be used in multiples of 4. For
larger diameter of flanges, use many smaller bolts on a tight bolt circle to reduce the
flanges thickness. Larger bolts require large bolts circle, which greatly increase the
flanges. For low-pressure flanges, the minimum gasket width will reduce the force
necessary to seat the gasket, while larger numbers of smaller diameter bolts can be used
to minimize the bolt circle diameter and thus reduce the moment arm which governs the
flange thickness. High-pressure flanges require a large bolt area to counteract the large
hydrostatic end force. Large bolts, in turn, increase the bolt circle with a corresponding
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increase in the moment arm. Thicker flanges and large hubs are necessary to distribute
the bolt loadsand to seeka balance between the quantity and size of bolts,bolt spacing,
and bolt circle diameter (Moss, 2003).
3.7 Design of Fan in the Explosion Vessel
According to Weip (2008) based on the explosion vessel that been used, in order to mix
the unburned mixture as well as to generate turbulence during the explosion, eight fans
are mounted in the unit. The axes of the fan were collinear to the space diagonals of the
cube. As a consequence, the fans were located concentrically within the vessel without
blocking the optical vessel. Each fan had a diameter of45 mm and consisted of6 blades
of 6mm depth and blade angles of 22.5°. The axial distance from a fan to the opposite
one was 133 mm, respectively. The fans were driven by electrical motors, which were
located in drillings in the corner of the cube. The rotation speed of the fans was
controlled by a unitoutside the vessel.
According to Lawes (1987) the turbulence velocity was found to be a linear function of
fan speed given by
u'=0.0016o) (3.2)
where co is the fan speed in rpm. In the preparation of the gaseous pre-mixture in the
explosion vessel, liquid iso-octane was injected into the explosion vessel through a
needle valve. The low pressure ensured complete and fast evaporation. The fans were
run at 1500 rpm to improve vaporization of the liquid fuel.
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3.8 Saddle Support
According to Carucci (1999) in the design ofpressure vessel, the saddle supports that
are usually used for the spherical storage tanks are legs, which are supported with cross
bracing in order to absorb any external loads. Generally, the support designs are
considering several factors; internally like weight, temperature and thermal expansion
for the material selection. The additional loading that mightbe considered are the
1. Static reactions from weight of attached items for example motors, machinery,
pipings and also
2. Load of attached internal components.
3. Cyclic and dynamic reactions caused by pressure or thermal variations,
equipment mounted on vessel, and mechanical loadings
4. Impact reactions as the explosion occur.
5. Temperature gradients within vessel component and differential thermal
expansion between vessel components
The pressure exerted by the load ofattached items and static reactions ofweight would
not be a factor to be considered. In the work of Cameron and Bowen (2001) the material
that been used to build the cradle or support oftheexplosion vessel was mild steel.
3.9 Heating Coil
In the explosion vessel, heating coil is used to pre-heat the explosion vessel to the
required operating temperature. In the work by Cathey (2008) the design of the
explosion chamber did not use any heating coil because the work was focused on radical
production priorto ignition.
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From the information gathered from Heatrex Incorporated, tubular and finned tubular
heaters may be clamped against or set into a surface, immersed into liquids, molten salts
or soft metal, used to heat air in ducts or ovens, or cast in aluminum, lead, concrete or
cast iron. To prevent any electrocution and leakage from the explosion vessel in the
installation ofthe heating coil, the wiring must be grounded to prevent any electrocution
and shock. Silicon seal will be used toprevent any leakage from the explosion vessel.
From the Industrial Furnace Interiors Inc. (2008), the electric heating element
specialists, the rod elements are generally made using 0.204 inch to 0.5 inch diameter of
resistant alloy. Grades ofalloy available include 80NI-20CR, 70NI-30CR as well as Iron
Chrome alloys with temperature capabilities up to 2350° F. Rod heating elements are
used in applications where it is desirable to have radiant heat flow to the internal
chamber ofthe furnace, directly on the work. Elements may be hung on pins or anchors
from fire brick orceramic fiber and used above 1200° F. To protect the element against
moisture, tubular elements can be furnished with hermetic seals or vulcanized boots at
the end of the element. The data for the material, sheath temperature and the
recommended applications for heating coil are tabulated in the Table 3.1.
Table 3.1: The material, maximum sheath temperature, watts per square inch and






































Based on the information gathered from Heatrex (2008) in order to manufacture the
heating coil requested by clients, they need to determine dimensions for the heating coil.









Figure 3.2: The cross section of heating coil (Heatrex , 2009)
3.10 Spark Igniter for Explosion Vessel
According to Weifi (2008) the mixtures of air-fuel were ignited by a high voltage spark
plug located in the center of the vessel. The energy of the spark could be modified by
changing electrical components in the discharging circuit of the ignition device. For all
experiments, the ignition energy was chosen to be as small as possible. The largest
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ignition energy, necessary to ignite a lean mixture under turbulent flow conditions, was
5.4 m J.
In the experiment conducted by Cathey (2008) spark ignition was accomplished using a
conventional automotive sparkplug and a commercially available automobile ignition
circuit, which created adischarge ofapproximately 40 mJ. For spark ignition tests, the
transient plasma electrode was removed and replaced with the sparkplug, which was put
inthe center ofthe plate opposite the viewing window.
According to Atzler (1998) in his experiment of burning velocities of droplet
suspensions, for the laminar measurements, the ignition energy was approximately
500mJ.
3.11 Thermocouple
Thermocouple is the device that used to measure the temperature. Athermocouple
consists of two dissimilar metals, joined together at one end, and produces a small
unique voltage at a given temperature. This voltage is measured and interpreted by a
thermocouple thermometer. The thermoelectric voltage resulting from the temperature
difference from one end of the wire to the other is actually the sum of ail the voltage
differences along the wire from end to end (The Engineering Toolbox, 2005).
Thermocouple was discovered by Thomas Seebeck's in 1822. He noted that a voltage
difference appeared when the wire was heated at one end. Regardless of temperature, if
both ends were at the same temperature there was no voltage difference. If the circuit
were made with wire of the same material there was no current flow. Thermocouples
can be made from avariety ofmetals and cover atemperature range 200 °C to 2,600 °C
Thermocouples are available in different combinations of metals or calibrations. The
four most common calibrations are J, K, T and E. Each calibration has a different
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temperature range and environment, although the maximum temperature varies with the
diameter of the wire used in the thermocouple.
Based on the information gathered from The Engineering Toolbox (2005), there are four
classes of thermocouples:
1. The home body class (called base metal)
2. The upper crust class (called rare metal or precious metal)
3. The refractory class (refractory metals)
4. The exotic class (standards and developmental devices)
The home bodies are the Types E, J, K, Nand T. The upper crusts are types B, S, and R,
platinum all to vary percentages. The exotic class includes several tungsten alloy
thermocouples usually designated as Type W.
The explosion vessel used by Cameron and Bowen (2001) are using a k type
thermocouple to measure the temperature, because the ability of being used to directly
measure temperatures up to 2300 °F. The thermocouple junction is grounded and
brought into direct contact with the product ofcombustion that being measured.
3.12 Needle Valve
In the setting up the experiment, aneedle valve is needed to inject the mixture of the
fuel into the explosion vessel. According to Atzler (1998) the stoichiometric iso-octane
air mixtures were prepared in-situ by injection with a hypodermic syringe through a
needle valve. The fuel was injected either using a 5 ml or 10 ml Hamilton Microliter
glass syringe. The accuracy of the injected volumes was more than ±0.015 ml and
±0.030 ml respectively. The equivalence ratio accuracy found is within ±0.5%. After
fuel injection, air was added to the initial pressure for the experiment (Sulaiman and
Lawes, 2007)
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According to Integrated Publishing (2009) needle valves are similar in design and
operation to the globe valve. Instead ofadisk, aneedle valve has along tapered point
at the end of the valve stem. A cross-sectional view of a needle valve is illustrated in
Figure 3.3. The long taper of the valve element permits amuch smaller seating surface
area than that of the globe valve. Needle valves are used to control flow into delicate
gauges, which might be damaged by sudden surges of fluid under pressure. Needle
valves are also used to control the end ofa work cycle, where it is desirable for motion
to be brought slowly to ahalt, and at other points where precise adjustments of flow
are necessary and where a small rate of flow is desired. The usual orifice sizes that
available in market are from range of4 mm up to 10 mm, which can endure pressure up
to 34Mpa (Sealexcel India PvtLtd, 2009).
-CLOSED
Figure 3.3: The cross sectional view ofneedle valve (Integrated Publishing, 2009)
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4.1 Project Flow Chart
CHAPTER 4
METHODOLOGY
In performing this design project, a simple flowchart is presented as shown in Figure 4.1
to summarize thework andmethodology thatwill be carried during theproject duration.
Problem Definition & Identification
Objective Identification and Scope of
Study
Literature Review and Information
Gathering
Set The Design Requirementof
Prototype
Technical Drawing Using Autocad
Figure 4.1: The flow chart ofmethodology for the design ofthe explosion vessel
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In the design process, the first step after the literature review and the gathering
information is to plan the design requirement of the prototype. This is obtained by
analyzing the combustion theoretically using the GasEQ software. For the initial
condition, the problem type selected is Adiabatic Temperature and at Constant Volume.
The result of the GasEQ analysis is shown in the chapter of result and discussion. The
design requirement of this vessel is mainly based of the maximum pressure and
maximum temperature that the materials need to resist to ensure that the vessel is
reliable and safe during the operation mode. Based on the temperature and pressure
requirement of the explosion vessel obtained, the suitable material for the each
component is determined. After the material selection process, the design processes are
continued, where the thickness material of the components and the compliance with
safety according to ASME Code will be ensured. If the safety regulations did not
complied, the material are changed. This process is repeated until proper material found
suitable to the explosion vessel. As the final result, the technical drawings are produced
in order to fabricate the prototype.
4.2 Tool Required
To accomplish this project, a study on the material characteristics and behaviors are
made to find the suitable material for the prototype. Several softwares have been used
such as GasEQ, to find the theoretical value of the temperature and pressure while the




The Gantt chart is prepared in order to ensure that the progress of the project is moving
smoothly and within the time. However, the expected result was notobtained due to the
inaccurate methodology during the first 8 weeks of the project. Thus, a new
methodology was developed as shown in Figure 4.1 and new result was obtained.
Although the expected result was not achieved fully, the project was continuously
developed to achieve the main objective. The Gantt chart for the design of the explosion
vessel for semesters 1 and 2 are shown in the Appendices 2 and 3.
4.4 Design of the Explosion Vessel
Basically, there are two types of vessel that are usually developed for the explosion
vessel; i.e. spherical and cylindrical vessel. The selection of the shape of the explosion
vessel is determined by comparing the both type ofvessel in the Table 4.1
Table 4.1: Comparison between spherical and cylindrical shape ofexplosion vessel
"""^••-•^JJpe Spherical Cylindrical
Factor ^~~~^—~^~^^^
1. Stress Lower possible value of Higher possible value of
stress because the stress stress.
distribution is uniform
throughout the vessel
2. Cost for material Minimum thickness and Higher thickness and surface
surface area, lower weight area, higher weight and cost.
and cost for material.
3. Construction More complicated, more Less complicated, less
expensive for fabrication expensive for fabrication
purpose. purpose.
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Theoretically spherical vessel is more reliable than cylindrical. But construction ismore
complicated than cylindrical. In spherical vessel stress distribution is uniform
throughout thevessel. This is safer than cylindrical geometry.
4.5 Design Requirement of the Explosion Vessel
The design requirement ofthe explosion vessel is determined in order to start the design
ofthe explosion vessel. The design requirement for maximum temperature and pressure
is based on the theoretical calculation in GasEQ software, while the size of the vessel
and the optical access is determined based on the literature review.




SIZE 305 mm (Internal diameter)
OPTICAL ACCESS 2 (150 mm)
4.6 Material Selection of the Explosion Vessel
The material selection of the explosion vessel body is based on several factors. In order
to select the most suitable material for the explosion vessel body, a decision matrix is
used to rate several material that have the desired criteria for the explosion vessel body
such as ability to withstand high temperature and pressure , as well as high corrosion
resistance . The materials that have been considered are stainless steel, low carbon steel
and aluminium alloy. This three materials are selected based on the literature review,
where they are the most common metal that been used in the fabrication of explosion
vessel. The justification for each material are referred to Engineering Materials
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(Budinski, 2005) and Manufacturing Process for Engineering Materials (Kalpakjian,
2003).
Table 4.3: The decision matrix for material selection of body for explosion vessel










3 5x3=15 3x3=9 3x3=9
Ability to withstand
high impact
3 5x3=15 5x3=15 3x3=9
Ability to withstand
corrosion
3 5x3=15 1x3=3 5x3=15
Machinability Index
(Ease to Fabricate)
2 3x2=6 5x2=10 5x2=10
Weldability 2 5x2=10 5x2 = 10 5x2 = 10
Price 2 3x2=6 5x2 = 10 5x2=10




Based on the decision matrix built, the most suitable material for the explosion vessel is
stainless steel, mainly because the characteristic of the material that able to withstand
hightemperature andpressure, also the ability to withstand the high impact.
4.7 Material Selection for Optical Glasses
In order to determine the material for optical observation glasses, several types of
glasses has been compared in the decision matrix. Thematerials thathave been justified
to build this decision matrix are Germania Glass, Fused Silica and Borosilicate.
Germania Glass usually used for reagent for fiber optic production, while Borosilicate is
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used for laboratory glassware and reflective optics in astronomy applications. Fused
silica often used as the envelopeof halogen lamps, in the high temperature applications.
Due to its thermal stability, it is used in the semiconductor fabrication furnaces. The
justification of each of the material is based in the Handbook of Glass Properties
(Bansal, 2006)
Table 4.4: The decision matrix for material selection for optical glasses
Criterion
1 H7
Germania''Slass^ Fused - JSiHcir
W|d& vflfr "-*« ' " * ©OTosfliitateffWx.Duran)
Glass Transition 3 3x3 = 9 5x3=15 3x3=9
Temperature
Coefficient of 3 3x3=9 5x3=15 1x3=3
Thermal
Expansion
Density at 20° C, 2 3x2=6 3x2 = 6 3x2=6
[g/cm3], xlOOO
to get [kg/m3]
Refractive Index 2 1x2=2 3x2=6 5x2=10
nD at 20°C




Based on thejustification made using the decision matrix, the most suitable material for
the optical glasses is fused silica, mainly because of the material characteristic of high
glass transitiontemperature and the low coefficient of thermal expansion.
4.8 Thickness Calculation of the Spherical Vessel
The specification for the spherical vessel is outlined in UG-27 in ASME VIII Division
1. With the assumption the design is uniform thickness in the hemispherical condition;
31
the thickness and the maximum allowable working pressure are calculated as the
equations that havebeen tabulated in Table 4.5.
Table 4.5: The equations ofASME Guidelines to determine thewall thickness.





PR Equation is used






P exceeds 0.356R or
P exceeds 0.665SE
Par. UG-27(d) (4.2)
where t is the thickness of the vessel, P is the design pressure of the vessel, R is radius
of the vessel, S is material's tensile strength of the vessel andE is thejoint efficiency of
the vessel.
4.8 Thickness Calculation of Optical Glasses
The calculation for the sight glass thickness, t, is using the same equation used by




where Pis themaximum pressure of the spherical chamber, r is the radius of the






The design requirements of the explosion vessel are obtained by analyzing the
combustion theoretically using the GasEQ software. For the initial condition, the
problem type selected is Adiabatic Temperature and composition at Constant Volume.
The result of the Gaseq analysis is shown in Figure 5.1. The reactants, or the fuel used is
iso-octane, about 1.68 %, mixedwith the N2 as the biggest portion (79 %) andO, about
21%. Table 5.1 shows the design requirement of the explosion vessel based on the
calculation in GasEQ Software.




SIZE 305 mm (Internal diameter)
SIGHT GLASS 2 (150 mm)
5.2 Material Selection and Wall Thickness of the Vessel
Based on the design requirement, calculation to determine the wall thickness of the
vessel can be done using the specification of calculation for spherical vessel is outlined
in UG-32 in ASME VIII Division 1. Previously, during the early stage of the project, the
material selected for the vessel was the cast iron A48 Class 20. However, the material
was found not suitable for the design since the tensile strength and the yield strength is
same.
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Figure 5.1: The result ofexplosion based on GasEQ calculation for












This indicates that the material might not be able to withstand the impact load produced
by the explosion in the vessel. Hence, an alternative material is used. According to most
of related literature review, explosion vessels were mainly produced using the stainless
steel. The reason ofwhy this material was chosen was due to the ability towithstand the
heat and corrosion. Furthermore, the material is available worldwide and easy to
fabricate.
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Steel 316 is the most suitable material in this design according to Atlas Steel Australia
since it has properties that good oxidation resistance in intermittent service to 870°Cand
in continuous service to 925°C. Grade 316L is more resistant to carbide precipitation
and can be used in the above temperature range. Grade 316H has higher strength at
elevated temperatures and is sometimes used for structural and pressure-containing
applications at temperatures above about 500°C.
According to Kalpakjian (2000), stainless steel is characterized primarily by their
corrosion resistance, high strength and ductility and also high chromium content. They
are called stainless because, in the present of oxygen (air), they develop a thin, hard
adherent film of chromium oxide that protects metal from oxidation. These protective
films builtup again if the surface is scratched. To fabricate this type of spherical vessel,
casting process would be consider as the most suitable process, since the castability of
the steel rated as fair to good, while the weldability is rated excellent, and the
machinability is rated to fair to good. However, the casting of stainless steel will
present some difficulties since generally, the freezing range is long andhas high melting
temperature. Cast stainless steels are available in various compositions, where they can
be heat treated and welded. These cast products have high resistance to heat and
corrosion. The tolerance of the castingproducts should be as wide as possible, where in
commercial practice, tolerances usually are about ±0.Smm, for small castings and
increase with size of casting, about ± 6mm for large castings.
Stainless steel is also less brittle compared to the previously proposed cast iron. The
thickness of the explosion vessel then was calculated by changing the material to
stainless steel 316. The results are shown in Table 5.2.











By calculation that performed using the equation in the ASME guidelines, the vessel
wall thickness is 3.15 mm. However, according to the literature review done, most of
explosion vessels produce are around 20 mm. This is to ensure that the vessels have
enough strength to withstand the maximum pressure and temperature. For the design,
the vessel thickness has been increased to 25 mm.
To determine the thickness of the nozzle for the optical glasses and the nozzle for input
and output, calculations are done as attached in Appendix. The thicknesses of the
nozzles also need to be increased in order to make them strength and fit to proper
welding to the main body ofspherical vessel. The detail calculation ofthe vessel wall
thickness and nozzle thickness are attached in Appendix 4.
5.3 Material Selection and Thickness Calculation of the OpticalGlasses
There are two optical accesses at the spherical vessel, where each diameter ofthe glass
is 150 mm. This is because the observation of the flame is usually starting from the
smaller diameter and itwill propagate and grew bigger until it stops. The location ofthe
glass is situated in the middle of the outer sphere vessel because the propagation of the
flame is most suitable to be view from this point. Fused silica was chosen since it can
withstand the high pressure and temperature. Besides, it is a good UV transparency
material and can be lapped and polished to fine finishes. The calculation for the sight




The result yield is 20.6 mm. According to the previous literature review, the ranges of
thickness of the observation windows are around 24 mm to 25 mm, although the
calculation of thickness only required about 15 mm. For further contingency, the
thickness of the glasshas been increased to 30 mm.
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5.4 Design of Opening for Optical Accesses
In order to putthe observations window onthespherical vessel, openings are needed for
the fused silica glasses to be mounted in. Thespherical vessel hasto allow two openings
for two observation windows. What makes this task difficult is the strength of vessel has
to be sacrificed as the hole of opening built on the body. The reinforcement element
might need to be added in order to support the strength of the vessel. The thicknesses of
the openings are calculated based on the material selected, stainless steel 316. To
determine the area required to compensate the opening area in order to cater the stress
developed at thevessel wall, calculations made to determine the areas below:
1. Area available in shell, Ai
2. Area available in nozzle, A2
3. Area available at protruding, A3
4. Area available in weld, A4
The summation of above areas will determine whether reinforcement element is needed
or not. If the summation is greater than the required area of reinforcement, A, then no
reinforcement area is necessary. After considering the strength reduction factor and the
protruding length, it was found that there is no need for the addition of reinforcement
elements. The detail of calculation can be found in the Appendices 5 and 6.
5.5 Design of Flanges
Flanges are needed to fix the observation windows on the spherical vessel
simultaneously to ensure there is no leak when the vessel in operation. The flanges that
have been chosen are lapjoint flanges with raised face. The lapjoint flanges are used in
application where the jointwhere thejoint can be frequently disassembled for cleaning,
which are most suitable for the explosion vessel observation window since the window
mightneed frequent cleaning due to dust or particles that can blockthe view. However,
according to the Stainless Steel ANSI Flanges Datasheet, the pressure that the flanges
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could endure might not as high as ring type joint flanges. But, the value of highest
pressure that both flanges could hold is same, around 2500 psi. So, it will not be
problem in the design.
Thematerial of the flange is stainless steel plate flanges that produced from quality mill
plate. Mill plate produced to the ANSI SA240 standards is able to tolerate voids, non-
metallic inclusions and other defects. The inherent corrosion resistance of stainless steel
is enhanced by the superior grain structure offered by plate products over forged or cast
products.The inner diameter of the flanges is 150 mm, and the outer diameter is 308
mm. The bolts holes are about 19.05 mm with tolerances of 1 mm. This is according to
the ANSI Datasheet that every hole must be within 5 percent tolerances. As the
minimum bolts spacing in the ASME guidelines is 76.2 mm (3 inches), the spaces
between bolts at the flanges are about 95 mm (3.73 inches). To avoid or minimize any
leakage from the vessel, O-Ring is used as the seal material. According to the standard
metric O-Ring size from the Lutz Company, the nominal size for the flanges is 4 mm x
196 mm, where the 4 mm is the width of the O-Ring and the 196 mm is the internal
diameter. The seal is designed to have a point contact between the O-ring and sealing
faces. This allows a high local stress, able to contain high pressure, without exceeding
the yield stress of the O-ring body. The material for O-Ring is fluorocarbon, where the
compounds exhibit excellent high temperature resistance and low compression set.
Furthermore, it is suitable for dynamic applications and can withstand the high impact
repeatedly. The dimensional drawing of the flange is included in the Appendix of
Technical Drawing B.
5.6 Design of Bolts
The material selected for the design is ASTM A193, Grade B16, and heat treated
chromium-molybdenum-vanadium steel for high-pressure, high-temperature service.
According to Moss (2005), from Table 2-5b where is attached in Appendix 9, for the
selected type of flanges, lapjoint with raised face and the nominal pipe size of 150 mm,
or approximately 6 inches, the number of bolting required is 8, with diameter 19.05 mm
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(% inches) and the length of studbolts is 95.25 mm (3% inches). Referring to Table 2-5a
that attached in Appendix 9, the bolt need 10 standard threaded. The minimum bolt
spacing is 44.45 mm (1 %inches) and the preferred spacing is 76.2 mm (3 inches). The
dimensional drawing is included inthe Appendix of Technical Drawing C.
5.7 Design of Fan in the Explosion Vessel
In the design of this spherical vessel, there are 4 fans in the explosion vessel. The fans'
function is toprovide the homogeneous temperature distribution inthe explosion vessel.
In the laminar combustion experiment, they are used to mix the fuel and air, according
to the experiment requirement, while in turbulent combustion experiment, fan is used to
provided the turbulence flow. The material for the fan is stainless steel. The axes of the
fan were collinear to the space diagonals of the vessel. This design is to avoid blocking
the optical vessels. Each fan had a diameter of 75 mm and consisted of 8 blades of 45
mm depth and blade angles of22.5°. The shafts are supported by the sleeve wear, where
the wear sleeve will provide a protective seal running surface and become thepartof the
shaft. Bearing must be centralized at the shaft to avoid any excessive vibrations or
moving around where the consequence is the shaft will be damaged. The fans were
driven by electrical motors, which were located outof thevessel. The proposed motor to
be used with is a 3-phase 1.5 kW motor which is controlled by the electronic motor
controllers. The dimensional drawing is included in the Appendix of Technical Drawing
D.
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Figure 5.2: The schematic drawing ofthe explosion vessel experimental setup.
From the sketch, it can be observed that the system of the explosion vessel. In the
design, there will be 2optical glasses on the vessel body. The functions ofthese optical
glasses are to monitor the process during the explosion occurs and capture the image of
the flames. The system consist ofthe explosion vessel and the auxiliary items to be used
with the explosion vessel, such as the pressure transducer to measure the pressure during
the operation, thermocouple to measure the temperature and heater to raise the vessel
temperature according to the initial experiment requirement. There are 4 fans in the
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explosion vessel. The fans' function is to provide the homogeneous temperature
distribution in the explosion vessel. In the laminar combustion experiment, they are
used to mix the fuel and air, according to the experiment requirement, while in turbulent
combustion experiment; fan is used to provide the turbulence flow. Throughout all the
readings and researches the most common way to ignite the explosion is by using the
electric spark discharge. In the experiment, liquid iso-octane will be injected into the
explosion vessel through a needle valve. The needle valve is connected to a glass
syringe, where the capacity of the syringe depends on the volume required of the
experiment. The fans that running in the explosion vessel will mix the liquid with the
dry air that connected to the vessel. A system is needed to gather all the information
gathered during the experiment. The value of initial condition and the result yield from
the experiment is saved in a data acquisition system. All the pressure and temperature
measured will be recorded in a data logger. After the explosion occurred, the gas that
been produced will be pumped by the single vacuum pump, and will be deliver to the
dump tank. The specifications of the components of explosion vessels are tabulated in
the Table 5.3.
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Table 5.3: Specification ofexplosion vessel's components.
PartofComponents Materials Size
Sphere Body Stainless Steel
316
ID = 305 mm
OD= 355 mm
Thickness = 25 mm






















Length = 95.25 mm
O-Ring Fluorocarbon Width = 4.0 mm
Fan Stainless Steel No = 4
Diameter = 75 mm
Blade = 8
Height = 45 mm
Blade Angle = 22.5 mm
Vessel Support Stainless Steel Height = 80mm
(measured from the middle)
Square Foot = 900 mm2
Base Height =10mm
Base Length = 400 mm
Table 5.4: The auxiliary components used with the explosion vessel.
Parts ofComponents Material Specifications
Thermocouple Type K (ANSI TYPE) Temperature Range:
(-292.73 K to 4052.93K)
or (-565.88 C to 3779.78
C)
Pressure Transducer 316L for diaphragmand
housing
Pressure Range: 0 to
1000 psig (6984 kPa)
Heating coil Incoloy ID = 310 mm




Thermocouple is used for the temperature measurement inthe system. In this explosion
vessel, the proposed thermocouple to be used is the Type K sheathed thermocouple with
1.5 mm diameter wire. This type of thermocouple is selected based on the ability of
being used to directly measure temperatures up to 2300°F. Furthermore, the
thermocouple junction may begrounded and brought into direct contact with the product
of combustion thatbeing measured. Thespecification of thermocouple selected is shown
in Table 5.5.
Table 5.5: Specification ofthermocouple Type K will be used in explosion vessel.
Instrument Temperature Range Accuracy
Recommended(K) Maximum (K)
Type K probes 273 to 1513 23.15 to 1648.15 0.4% of reading
above 273 K
5.10 Heating Coil
The main function of the heating coil is to set the temperature of the explosion vessel to
the initial temperature that required in the experiment. The heater will be used in
conjunction with the running fans in order to generated homogeneous temperature
distribution throughout the explosion vessel. According to manufacturer, Heatrex
Company, the most suitable heating coil is made of incoloy and has width of 6.35 mm
while the inner diameter of the heating coil is 310 mm. Incoloy is selected for the
material because the maximum sheath temperature could endure temperatures of up to
1888 K. It will require 240 Volts for operation where the watt densities recommended is
40 Watts/inch2. It applied resistance welded terminals assure a strong mechanical and
electrical joint. Magnesium oxide powder is used to electrically insulate the resistance
wire assembly which is accurately centered into the heater sheath. The material is then
compacted to the optimum density when the diameter of the unit is reduced by rolling.
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Figure 5.3: The dimensions ofheating coil in the explosion vessel in mm unit.
5.11 Pressure Transducer
The most suitable model that suitable to the explosion vessel according to Omega
Company is DPX 101-1K, because it can stand the pressure up to 1000 psi or
approximately 6984 kPa. The specification of the pressure transducer is as be given by
the manufacturer, Omega Company, where the rated output is 5 V and the rise time is
1.0 us. The resonant frequency of the device is 500 kHz, while the maximum vibration
that can withstand is approximately 5000g. The main reason why this type of device is
selected is because the ability to withstand the high pressure and the frequency response
is higher than 100 Hz. The device is also ideal for monitoring of explosion or pulsation




















Figure 5.4: The dimension ofpressure transducer for explosion vessel
(Omega Engineering Inc, 2009).
5.12 Spark Igniter for the Explosion Vessel
The function of the spark igniter is to spark ignite in the explosion vessel. The suitable
spark igniter for the explosion vessel is a spark plug that connected to an ignition exciter
where the energy of the spark can be controlled. The electronic ignition system
controlled by the data acquisition program provides a spark with the desired energy.
According to the manufacturer, Chentronics Company, the ignition exciter system,
which is Model Number 07070112DIX has output voltage of 5KV,and the spark rate is
4 sparks per second. The stored energy is 12 Joules while the input range is 100 Vto
240 V. The electrode rod that used with this ignition system has the outer diameter of
15.8 mm.
Figure 5.5: Ignition exciter system for the explosion vessel system
(Chentronics, 2009).
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Figure 5.6: The electrode rod of the explosion vessel system
(Chentronics, 2009).
5.13 Seal for the Explosion Vessel
Seals are needed to ensure there are no gas or air-fuel leakage from the parts that been
installed in the explosion vessel, for example the fan and the auxiliaries items such as
pressure transducer, thermocouple and the spark ignition rod. For the seal, the criteria
that been important to look at are the abilities to withstand the high temperature of the
explosion operation and to withstand the impact of the explosion, otherwise the lifespan
of the seal will be short. The seal of the fan parts are the hardest part, since the bearing
system of the fan must be designed properly and located at the center of the shaft to
avoid the shaft to moving around and damage the seal. A wear sleeve is used with the
shaft, where the wear sleeve will provide a protective seal running surface and become
the part of the shaft. Since the fan rotates before the explosion, the pressure
consideration is according to the initial pressure before the explosion happens.
The shaft run out shouldbe avoided or kept within a minimum. At higher speeds there is
a risk that the inertia of the lip seal prevents it from following the shaft movement. The
seal must be located next to the bearing and the bearing play be maintained at the
minimum value possible. According to Trelleborg Sealing Solution Company, the
material that suitable to use with the lip seal is Fluoroelastomer (FKM). This material is
an excellent elastomer for use in high temperature applications. The selection of this
material based on the graph in Appendix 15.
According to the Gulfcoastseal Company, standard oil seals from automotive industry
and pump industry mean 1700 rpm but no more than 40 kPa. For the high pressure
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equipment, there are high pressure seals for rotation, 210 kPa at 800 rpm. Based on the
design made by manufacturer American Seal and Packing Incorporation, for the
stationary parts such asthermocouple, pressure transducer and rod for spark ignition, the
seal that is most suitable is using the high temperature seal that made from mika. They
claimed that this material which has been formed to tape sheet has the capability to
withstand the high temperature, up to 2000 K and also high ability to absorb shock
impact.
5.14 Needle Valve
Needle valve is needed to insert the mixture of the fuel into the explosion vessel.
According to the Swagelok Company, the needle valve that they producing are made
from forged 316 stainless steel, where the non rotating needle promotes leak-tight
shutoff and long service life. Packing material for the needle valve is PTFE. The needle
valves can withstand up to 1450 KPa in the working pressure and temperature up to 800
K. The inletof the valve is connected to the hypodermic syringe whilethe outletneedle
valve will be connected to the % inches BSP to connect it to the explosion vessel. The















The requirement of impact test for the explosion vessel is determined using the MDMT
(Minimum Design Metal Temperature) procedure, which is usually used to determine
the lowest permissible temperature for which Charpy impact testing is or is not required.
The ASME Code rules for MDMT are built around a set ofmaterial exemption curves.
The procedure of decision-making process to determine MDMT and impact testing
requirements are shown in the flow chart shown in the Appendix. Based on the graph
and curves UCS-66(b), the result ofthe calculation and the graph is as shown.
Ratio of the required thickness based on calculation to the nominal thickness of the wall
vessel without corrosion allowance, which as shown inEquation 5.2.




where tr is the calculated thickness of the vessel wall multiply with E, the joint







Figure 5.8: Reduction in minimum design metal temperature without impact
testing (Moss, 2004)
Since the value of the ratio is less than 0.35, the UCS-66(b) (3) is used. The MDMT for
the explosion vessel body is -29 C, while the thickness ofthe vessel body is 25 mm.
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Figure 5.9: Impact test exemption curves (Moss, 2004)
From the graph, it is found that that both of the lines cross up from the line where the
impact testing is required. So, the impact testing is not necessary for this vessel.
5.16 Inspection
To ensure that the explosion vessel is properly integrated and has no leakage, inspection
should be done to the whole vessel, particularly at the welded area. The suggested
inspection to be implemented is the ultrasonic inspection. In this type ofinspection, the
ultrasonic beam will be travels through each part ofthe vessel. Any defect, such as crack
will interrupt the beam and reflects back aportion ofthe ultrasonic energy. According to
Kalpakjian (2003) the most suitable range of frequency for the vessel inspection is 1to
25 MHz. Couplants are used to transmit the ultrasonic waves from the transducer to the
vessel. The typical couplants that used are oil, glycerin and grease. This method selected
because it has high penetrating power and high sensitivity. However, this method
requires experienced personnel to carry out the inspection and interpret the result
correctly.
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5.17 Estimated Cost of Explosion Vessel
The cost of the explosion vessel system is estimated based on the current price stainless
steel and the other items are based on current market price.
Table 5.6: The estimated cost of the explosion vessel and the auxiliary items.
Item Quantity Estimated Price Company
1. Body, fan and saddle
support of explosion vessel
RM 7,000 (Raw
Material)
Based on current metal
prices
(www.meps.co.uk.com)
2. Optical Glasses 2 RM 1,200 Seiner Company
3. Flanges and bolt 2 RM900 Aalco Company
3. Needle Valve 1 RM350 Imperial Company
4. Other valves 4 RM 1,500 Swagelok Company
6. Motors for fan 4 RM 3,000 Remx Company
7. Heating Coil 1 RM 1,300 Heatrex Company
8. Pressure Transducer 1 RM 1,800 Omega Company
9. Thermocouple 1 RM 1,100 Chentronics Company
10. Data acquisition system 1 RM 5,500 National Instruments
TOTAL RM 23,650
The price is not really accurate since for the body, the price is just for the raw material
without fabrication. For the other items, the price can be different because of the
inflation rate and the delivery cost of material.
For cost of fabrication and assemble, it is estimated about RM 2,000. The total sum for




This final year project describes about the design of an explosion vessel and the
auxiliary items required. The project was executed on scheduled and the objective to
design a constant volume explosion vessel for fundamental study of flames and
combustion has been achieved.
The design is basically based on the related literature review and the ASME standards
codes to ensure the reliability of the explosion vessel during the operations. The
technical drawings produced are based on the calculations and safety standards. Further
contingencies have been added to ensure that the explosion vessel works safely. The
calculations and the material selections are done based on the theoretical calculations
and there is no way to certify that this experimental equipment would work properly
until the prototype has been fabricated and tested. Taking in consideration the
requirements ofimpact testing, it is found that the impact testing is not necessary for the
explosion vessel based on the Minimum Metal Design Temperature (MDMT)
procedure. Asuggested inspection to be implemented on the fabricated explosion vessel
is the ultrasonic inspection.
The recommendation for this project in the future is to fabricate and calibrate the vessel
and the auxiliary items required in explosion equipments. Then the inspection and
testing can be performed on the prototype. Modifications can be done to ensure that the
explosion vessel is working as desired.
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The Factor ofSafety According to ASME Guidelines
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Figure Al: Gantt Chart for The Design ofThe Explosion
Vessel for Flame Propagations for Semester 1.
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Figure A2: Gantt Chart for the Design of the Explosion
Vessel for Flame Propagations for Semester 2.
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Calculation of Thickness of Wall Vessel
Taking aspecific material, Stainless steel 316, the calculation ofthe shell thickness is
shown as below:
Design Properties:
The GasEQ calculation yield that the value of maximum pressure is 938.5KPa,
and the value will be multiplied with the safety design factor outlined by ASME
Section VIII Divisions 1, about 3.5.
Design Pressure = 3754 KPa
Design Temperature = 2641.4 K
Material specification:
Tensile Strength - 515,000 KPa




JointCoefficient = 1 for fully radiograph
Corrosion Allowance = 3mm
For vessel thickness, the calculation is using the equation in ASME guidelines:
PPt = + C.A
2SE-0.2P
Then, the value will be added with the corrosion allowance:





The nominal thickness is determined, based on the previous literature review, where the
calculated thickness ofnozzle is multiply with safety factor for further contmgencies.
Nominal Thickness = trnxl
= 3.15 mm x 7
=25 mm
In order to ensure the material can be used for the equation, the validation of the formula
is determined by using the tensile strength ofthe material:
0.385 SE > P
0.385x515,000x1 >3754kPa
198275 > 3754 kPa
Thus, the analysis above isvalid
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APPENDIX 5
Calculation of Nozzle Thickness for OpticalAccesses
Shell Material 316
Nozzle Material 304 L
Allowable Shell Stress Sv 515 MPa
Allowable Nozzle Stress Sn 500 MPa
Design Pressure 3754 KPa
Corrosion Allowance CA : 3mm
Nozzle Joint Efficiency E : 1
Nozzle properties:
Inside diameter = 150 mm
Inside radius = 75 mm
Nozzle thickness is calculated using the ASME equation for nozzle thickness:
t = PR"
m SE-0.6P




Where tm =calculated thickness ofnozzle with corrosion factor.
The nominal thickness is determined, based on the previous literature review, where the
calculated thickness ofnozzle is multiply with safety factor for further contingencies.
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Nominal Thickness = trn*l
= 3.14 mm x 7
=25 mm
The next calculation is to determine whether the reinforcement element is>neededI for the
nozzle To do that, we first check whether the nozzle opening is adequately reinforced,
"the sum of several areas is more than the area of reinforcement area, the re.nforcement
element is not needed.
Check without reinforcement element
Strength reduction factor






= 3.75 xlO"3 m2
A = 3750 mm2
Area ofreinforcement required is 3750 mm









Thus, use An =750 mm2






=2(0.024 - 3.14 xl0-3)(2.5(0.024))
= 2503.2 mm2
Thus, for A2i use 2503.2 mm2
Area available in inward or protruding nozzle












Thus, area available in inward or protruding nozzle, A3is 40740 m
Area available in weld
A4i =2x0.5x(leg)2xfr2
Where taking fillet weld, tw = 0.7 tmin
Note that actual fillet weld is between range 0.7tmin < tactuai < tmin
A41 = 2x 0.5 x (0.024)2 x (0.97)
- 5.5872 xHrtn2
= 558.72 mm2
Area available in weld, A41= 558.72 mm
Area provided=Aj+A2 + A3 + A4
= 750 mm2 + 2503.2 mm2 + 40740 mm2 + 558.72 mm2
= 44551.72 mm2
SinceAi +A2 + A3+A4 >A, opening is adequately reinforced.
No reinforcing element needed.
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APPENDIX 6
Calculation of Nozzle for Input and Output
Shell Material : 316
Nozzle Material :304L
Allowable Shell Stress Sv : 515 MPa
Allowable Nozzle Stress Sn :500 MPa
Design Pressure : 3754 KPa
Corrosion Allowance CA : 3mm
Nozzle Joint Efficiency E : 1
Nozzle properties:
Inside diameter = 12 mm
Inside radius = 6 mm
tr=3.15xl0-3m
t = 0.025 m
tm =3xl0"3m
tn= 0.024 m
Nozzle thickness is calculated using the ASME equation for nozzle thickness
, - ^
m SE-0.6P
The value then added with the corrosion allowance.
3754^£/x(6xl0"3)m





Where tm = calculated thickness of nozzle with corrosion factor.
The nominal thickness isdetermined, based on the previous literature review, where the
calculated thickness ofnozzle ismultiply with safety factor for further contingencies.
NominalThickness = tmxA
= 3.04 mm x 4
=12 mm
The next calculation istodetermine whether the reinforcement element isneeded for the
nozzle. To do that, we first check whether the nozzle opening is adequately reinforced.
If the sum ofseveral areas ismore than the area of reinforcement area, the reinforcement
element is not needed.
Check without reinforcement element
Strength reduction factor
fr,l ~ fr,2 ~ £,2 = Sn/Sv
= 0.97
Correction factor, F=l
Area of reinforcement required
A = dtrF
-(0.012)(0.00315)(1)
= 3.78 xlO"5 m2
A = 37.8 mm2
Area of reinforcement required is 37.8 mm










Thus, use An =2141.3 mm2
Area available in outward nozzle (smaller)
A21 =(tn-tm)5t




= 2(0.024 - 3xl0_3)(2.5(0.024))
=2.519xl0"3m2
= 2519.99 mm2
Thus, for A2i use 2519.99 mm2









Take the protruding length 0.0625 m
A3 =2(1^)^1.
= 2(0.024-0.003) (0.97) (0.06)
= 2.444 xl0-3m2
= 2444.4 mm2
Thus, area available in inward or protruding nozzle, A3 is 40740 m
Area available in weld
A41 = 2x0.5x(leg)2xfr2
Where taking fillet weld, tw = 0.7 tmjn
Note that actual fillet weld is between range 0.7tmin < tactual < tmin
A41 = 2 x 0.5 x (0.024)2 x (0.97)
= 5.5872 xiO-W
= 558.72 mm2
Area available in weld, A41 = 558.72 mm
Area provided =Ai+A2 + A3 + A4
= 2141.3 mm2+ 2519.99 mm2 + 2444.4 mm2 + 558.72 mm2
= 7664.41 mm2
Since Ai +A2 + A3+A4 >A, opening is adequately reinforced.
Thus, no reinforcing element needed.
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APPENDIX 7
The Material Properties for Observing Windows (Fused Silica)
Table A2: Material Properties for Fused Silica, Si02.












































950°C (1742°F) - continuous, 1200°C (2192°F) - limited
time .
3.91 at 1kHz












High resistance to water and acids (except hydrofluoric).
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APPENDIX 8
The Material Selection of Bolts
Table A3: The Material Selection ofHeat Treated Bolts. Reproduced




















JA354 Grade BC 2-1/2 and underOver 2-1/2 to 4 incl. 850 125,000 109,000 16
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Over 2-1/2 to 4 incl.
Over 4 to 7 incl.






Over 2-1/2 to 4 incl.























4 and under ~ 125,000 105,000 16 50
Commonly used are the following grades ofheat-treated alloy steel for high-pressure or
extreme temperature service in diameters of 1/2 in. to 2in., inclusive. Other grades and
other diameters are available onspecial order.
ASTM A354, Grades BC and BD -heat-treated alloy steels for applications at normal
atmospheric temperatures where high strength is required.
ASTM A193, Grade B7 -aheat-treated chromium-molybdenum steel widely used for
medium high-temperature service.
ASTM A193, Grade B16 -aheat-treated chromium-molybdenum-vanadium steel for
high-pressure, high-temperature service.
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ASTM A320, Grade L7 - This grade is intended for low-temperature service downto
minus 150°F and has a minimumCharpy impactvalue of 15 ft-lb at this temperature.
Sizes 2-1/2 in. and under.
ASTM A320, Grade L43 - The same properties offered by Grade L7 in sizes up to 2-
1/2 are obtainable up to 4 in. in Grade L43.
Table A4: The elements in A193 Grade B16. Reproduced






over or under percent
Carbon... 0.36-0.44 0.02
Manganese- 0.45-0.70 0.03
Phosphorus, max... 0.04 0.005 over







Table A3: The dimensional data for Bolts and Flanges (Moss, 2004).
Table 2-5*
DimensionalData lor Bolts and Flanges
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Figure A4: Nominal diameter of bolts and dimensions ofhead bolt (Kalpakjian, 2000)
Table A5: The nominal diameter and the dimensions ofhead ofthe bolts.


















































1rSELECT UCS 66 HATEfllAL
2 UG-20 DESIGN TEMPERATURE
3. UQ_LOADINGS
4. DESIGN FORINTERNAL AND/
OR EXTERNAL PRESSURE
EXEMPTION ALLOWED PER UO-20 (0
1.MATERIALP1,OR1 OR_4THK, _>_• ^
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3~DESK*JTEMP. |^ ^OEWGWTOWW. .
4~DEStGN FOR THERMAL ORSHOCTLOAD? _
5JDESIGN FOR CYCLE LOADINO?
IMPACT TESTNOT REQUIRED •YES-
USEFLG. UCS66 CURVES TO
DETERMINE IFFOR THE GIVEN
MINIMUM DESIGN TEMPERATURE
ANDTHICKNESS. IS IMPACT
TESTING REQUIRED FOR THIS
MATERIAL? _
0ISDESIGNTEMP.AND THKABOVE THE CURVE''
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IS THISCOST EFFECTIVE '
YES
j IMPACT TEST NOT REQUIREDJ
DOES THE DESIGN TEMP. AND THICKNESS













IMPACT —STWG, USE U_ « B)
TODETERIWie THE STRESS RATIO
BEQUf~D AW) CALCULATE THE
CORRESPONDING PRESSURE
ISTHIS PRESSURE ABOVE THE
PROCESS PRESSURE v»TEMP. CURVE?
'NO -^IMPACT TEST REQUIRED^*"-'
EVALUATE IF THE MATERIAL SHOULD BE REVISED
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YES'
Figure A5: Flow chart showing decision-making process to determine
MDMT and impact-testing requirements (Moss, 2004)
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APPENDIX 10
Table A6: Types ofthermocouple and the temperature range.
























TypeR probes 32 to 2700 32 to 3210 2.5°For0.25%of
reading, whichever is
greater














































































































































































































Table A8: Normal tolerances and design data for heating coil design (Heatrex, 2009)
.250" .315" .375" .430" .440" .475" .490" .625'Heater Diameter
Max. Recommended Voltage 250
Max. Recommended Amperage 12
300 480 600 600 600 600 600
25 25 40 40 55 55 60
Square Inches Per linear inch .78" .99" 1.18" 1-35" 1.38" 1.49" 1.54" 1.96"
miHPinniamPter 093" .125" .125" -188" .188" .188" .188" .188"
Standard Terminal Thread 540 5-40 10-32 10-32 10-32 10-32 10-32 10-32
in. Cold Pin 6-20 in. 1-1/2" 1-1/2" 1-1/2" M/2" M/2" 1-1/2" 1-12" 1-12'
21-100 in. 1-1/2-1-1/2" 2" T 2" 2" 2" 2"
101-225 in. 2-1/2" 2-1/2" 2-1/2" 3" 3" 3" 3« 3"
Min. Bending Radius-Factory 9/32" 11/32" 7/16" 1/2" 1/2" 9/16" 9/16" 3/4"
Field 3/4" 1" 1-1/4" 1-1/2" 1-1/2" 1-1/2" 1-1/2" 1-1/2"
DiameterTolerance ±-005 inches
Wattage atRated \bltage +5% / -10%
Heated Length - 1% ofoverall sheath length
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APPENDIX 14
Specification of pressure transducer for the explosion vessel





DPX101-500 0 to 500
DPX101-1K (Ho 1000
DPX101-5K 0 to 5000
Table A9: The accessoriesthat used with pressuretransducer (Omega,2009)
ACCESSORIES








%NPT flush mount adaptor
%-24 flush mount adaptor
Replacement brass seals
Battery power supply (BNCF connections)
Battery power supply/amplifier (BNCF connectior
AC power supply (BNCF connections)
i CABLES
ACC-CB4-15 $65 4.6 m (15') coaxial cable (BNCM/BNCM)
ACC-CB5-2 25 0.6 m (2')coaxial cable (BNCM/banana plug)
ACC-CB6 15 178 mm fH coaxial cable (BNCM/pigtail)
ME-1740 160 Reference Book: Diesel Engine Engineering
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APPENDIX 15
Selection of sealing material used with the lip seal for the fan
According to the DIN 3761 standards, the permissible speed for the fan according to the
shaft diameter can be shown in Figure A4. The material that can withstand the highest
speed in rpm is VMQ (silicone rubber) and FKM (Fluoroelastomer). However, it is










€0 80 100 120 140 160 1W 200
up to 500 mm
Shaft diameter <i% mm "-
Figure A6: The permissible speeds of rotating shaft according to DIN 3761(Trelleborg, 2009)
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